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INTRODUCTION

Interferon is a viral inhibitor which acts by
inhibiting intracellular replication of virus with
no direct inactivating effect on virus (reviewed
in 25, 22, 77, 6, 35, 62). The precise site at which
it acts is unknown. Much evidence points to
the site being very early in the intracellular
replicative cycle (9, 10, 49). Since its discovery
in 1957 (36), it has been produced under a large
variety of conditions. These have usually in-
volved a system consisting of cells in culture or
an intact host, and a virus "inducer" of inter-
feron. [The words "inducer" and "induction"
are used here in the generic sense. They mean
an agent which "brings about" interferon or
the phenomenon involving "bringing about"
interferon. They are not used in the special
biochemical sense (39).] The virus inducers
used have been either infective virus, so that
virus was produced along with interferon, or
virus partially or completely inactivated by
such agents as heat or ultraviolet irradiation.
An interferon induced in chick embryos by
infective type A (WS) influenza and isolated
from allantoic fluid has been highly purified
(47). It is characterized as a small basic protein
with a molecular weight of about 20,000 to
34,000. It has high specific biological activity,
since as little as 0.004 jug possessed detectable
viral inhibitory effect. The physicochemical
aspects of this work have been confirmed by

1 A contribution to the Symposium on "Current
Progress in Virus Diseases" presented as part of
the program for the Centennial of the Boston
City Hospital, 1 June 1964, with Maxwell Finland
serving as Consultant Editor, and John H. Dingle
and Herbert R. Morgan as moderators.

Kreuz and Levy (45) using CsCl gradient centrif-
ugation, and by Merigan using Sephadex column
chromatography (53).
Taken together, the source of interferon, its

mode and mechanism of action, and its physico-
chemical properties should generally define what
interferon is. The identifying properties of
interferons, classified as either biological or
physicochemical, are as follows. Biological
properties: (i) produced by cells; (ii) does not
directly inactivate virus; (iii) inhibits replication
of virus and infectious nucleic acid intracellu-
larly; (iv) more effective in species of cells from
which it was produced, i.e., relative "species
specificity"; and (v) not activated by anti-
bodies against virus. Physicochemical properties:
(i) small nondialyzable protein molecule inac-
tivated by proteolytic enzymes including tryp-
sin; (ii) relatively stable to heat; (iii) stable in
high and low pH; and (iv) no proteolytic or
nuclease activities. These characteristics are not
exclusive enough to predict authoritatively
whether a specific viral inhibitor which possesses
some or most of the properties listed is or is not
interferon. This lack of precision in its definition
may be illustrated by the fact that 31 scientists
interested in problems of interferon met infor-
mally to discuss this very problem at the 1964
meeting of the American Society for Microbiology
in Washington, D.C. They could not and would
not produce an inclusive definition of what more
precise conditions must be met for a substance to
be called interferon.

Extensive work on the physicochemical as-
pects of interferon obtained from one particular
interferon-producing system also has its limita-
tions. There may be physicochemical differences
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between different types of interferons obtained
from different sources. Indeed, crude interferon
from primary mouse-cell cultures has been found
to be more heat-labile than chick interferon. In
contrast to other types of interferon, partial
inactivation occurs at 56 C (43, 4, 25; Kono,
Postic, and Ho, unpublished data); this has been
the case when purified interferon made from
mouse-cell cultures was compared with that
from chick-cell cultures (53). Other differences
have been reported, such as ether sensitivity.
Thus, interferons made in chick chorioallantoic
membrane (51) and in continuous mouse-cell
lines are reportedly inactivated (17), but one
type made in KB cell cultures induced by para-
influenza type 3 (8) and another made in HeLa
cells induced by measles virus are not (12).
Comparative studies of various types of inter-
ferons have been reported (53, 18), but generally
these studies have not been numerous or com-
plete. There is no a priori reason why an inter-
feron will not be found which may have com-
pletely different physicochemical properties from
the ones described. Interferons may belong to a
relatively homogeneous group of proteins such
as antibodies do, but they may also belong to a
very heterogeneous group, and even the possi-
bility that an interferon may be found that is non-
proteinaceous cannot be excluded.
The main biological characteristics, such as

those listed above, would appear to be more
reliable. But each of the characteristics listed is
subject to modification following advances in
knowledge. For example, one of the most in-
teresting properties of interferon, its "species
specificity," holds up well generally and is an
extremely useful identifying property of inter-
feron (73, 25, 18). But exceptions are readily
found, and specificity is certainly not absolute
(1, 66, 25). Another essential property of inter-
feron would appear to be its lack of direct effect
on viruses, and there are no accepted exceptions
to the necessity of meeting this criterion. How-
ever, there are viral inhibitory substances which
are difficult to exclude on this basis, and the
possibility cannot be excluded in the future that,
under appropriate conditions of production or
by physicochemical alteration, the interferon
molecule will be found to inactivate virus par-
ticles or viral nucleic acid (see last section).
The problem of identifying interferon has

assumed some importance, because it has now

reportedly been produced under conditions
radically different from the classical cell-virus
systems. The newer systems are distinguished
by the variety of nonviral inducers of interferon,
including nucleic acid from animal tissues (34,
63), rickettsiae (32), bacteria (80), and yeasts
and plants (40, 67); and statolin, which is a
polysaccharide (42). Interferon in these systems
was produced in cell cultures or in the intact
host. For example, it was induced in chickens by
brucella (80), in mice by yeast ribonucleic acid
(RNA) (67), and in mice by pneumococci (W.
D. Hann, unpublished data).
Another important consideration in any final

definition of interferon, as well as in the under-
standing of its significance, is the possibility that
interferon may be present in untreated cells
in the absence of any known inducer. There are
already reports that interferon may be extracted
from the chick embryo and from medium overlay
of chick-embryo cell cultures (R. Z. Lockart,
unpublished data).

In the absence of complete publications, it
is difficult at this stage to evaluate some of the
data cited above. One conclusion seems war-
ranted: perhaps it is not premature to exclude
from the definition of interferon any provision
that it must be induced by a virus or a component
of virus (25). As to what these various inducer
substances have in common, if anything, and
whether there is endogenous interferon, it would
be profitless to speculate at this stage. In addi-
tion, a certain lapse in time is desirable before
an overall analysis is attempted.
What I would like to do in the following pages

is not to add to the many general reviews of
interferon, but to review specifically the prob-
lems of interferon induction and identity from
certain arbitrarily selected points of view, bear-
ing in mind some of the questions raised by new
data. First, I shall consider the nature of induc-
tion of interferon in classical models of interferon
formation in cell culture. Then I shall consider
some problems of induction of interferon in the
intact animal, and finally I shall consider viral
inhibitors endogenous to cells as a specific
problem in the identification of interferon.

INDUCTION OF INTERFERON IN CLASSICAL
INTERFERON-PRODUCING SYSTEMS

Biochemical Mechanism of "Induction"

By "classical" interferon-producing systems,
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I mean those systems in which the production of
interferon is induced by infectious or inactivated
virus. Since the inception of studies on interferon
in these systems (25, 22, 77, 6, 35), it has been
evident that interferon was different from viral
particles in terms of such properties as revealed by
centrifugation and antigenic characteristics (25).
Therefore, the assumption has been that inter-
feron is a cellular protein, the biosynthesis of
which may not be directly related to viral replica-
tion. Until recently, proof of this on a biochemical
basis was lacking; even now the relationship of the
virus inducer and intracellular events of virus
infection to interferon formation is still unclear.
The most promising recent approach to this

problem has been to attempt to study the condi-
tions under which virus replication may be
dissociated from interferon production, and
thereby to gain insight into the differing deter-
minants of the biosynthesis of these two macro-
molecules.
There were scattered reports in the literature

prior to 1963 which purported to show the effect
of various types of chemical inhibition on inter-
feron formation. Thus, Burke and Isaacs men-
tioned that proflavine did not inhibit interferon
formation by influenza virus in chick chorioal-
lantoic membranes (7). I also found this to be
the case, using proflavine in a chick-cell culture
system with infective Sindbis virus as interferon
inducer (Ho, unpublished data). I found, in
addition, that proflavine in nontoxic doses
failed to inhibit Sindbis virus replication. In the
absence of further data, these results, including
my own, are difficult to evaluate. Generally, in
studies with antimetabolites, further data are
desirable. These should include controls which
demonstrate that particular concentrations of
the antimetabolite used are exerting the desired
antimetabolic effect on the one hand, and that
they do not produce nonspecific toxicity and
cell death on the other. The first type of control
may be obtained in terms of a biochemical
measurement such as isotope incorporation, or
in terms of inhibition cell or virus replication,
depending on the antimetabolic effect in ques-
tion. The second type of control demonstrating
the absence of nonspecific toxicity is more dif-
ficult to establish, especially if both virus and
interferon formation are inhibited by an anti-
metabolite. Reversibility of the antimetabolic
effect may be one method (68).

Another type of available information is
represented by what has been reported on the
inhibitory effect of steroids on interferon syn-
thesis (41). Studies along this line have added
to the literature of the biology of steroids, and
have increased our understanding of the effect
of steroids on the replication of viruses, but they
are of limited value in explaining the mechanism
of interferon induction since the mode of action
of these steroids is not precisely known. These
remarks apply also to studies on the effect of
certain carcinogens, such as 20-methylcholan-
threne, on interferon synthesis (12).
Both of these objections have been overcome

by use of actinomycin D. In the case of this
antimetabolite, its mechanism of action is
precisely known, and adequate controls may be
readily established (61, 33). Wagner (76), using
Eastern equine encephalomyelitis (EEE) virus
in L cells, and Heller (20), using Chikungunya
virus in chick-embryo cell cultures, found (i)
that interferon readily produced in the absence
of actinomycin is completely inhibited in its
presence, and (ii) that one possible result of inhi-
bition of interferon is that virus replication in
such cultures is frequently enhanced. This is
especially dramatic in the case of EEE virus
infection of L cells, since ordinarily this virus does
not replicate to high titers in these cells, presum-
ably because of interferon formation in this
system.
Knowledge of the mechanism of action of

actinomycin D renders selective inhibition of
interferon synthesis apart from virus formation
by this agent highly significant. It is generally
accepted that actinomycin D interferes directly
with the function of deoxyribonucleic acid
(DNA) by combining with the guanine basis on
the DNA double helix (60). Hence, it inhibits
synthesis of messenger RNA and, therefore, cell
genome-directed protein. The replication of
RNA viruses and specifically of the above-
mentioned arboviruses is not affected by this
antimetabolite (61), implying that these viruses
replicate without any participation of cellular
DNA. The conclusion is then inescapable that
the formation of interferon, unlike that of RNA
virus, is directly or indirectly controlled by the
cell genome. This is the best evidence so far
that interferon synthesis is demonstrably distinct
from that of viral protein synthesis (Fig. 3).
Ho et al. (28) have also found that actinomy-
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FIG. 1. Course of production of interferon after
adsorption of NDVuV in chick-cell cultures and
periods during which actinomycin D is effective in
inhibiting interferon production. Symbols: *,
course of extracellular interferon formation after a

2-hr period of adsorption of NDVu,; Q. inhibition
of interferon production. All cultures received
NDVuV for 2 hr, but, at the times indicated, actino-
mycin D (0.5 ,ig/ml) was added for 1 hr. Cultures
were all collected 18 hr after inoculation of NDVuV,
and the interferon titers were obtained and compared
to that of fluid from a culture that was not treated
with actinomycin D.

cin D inhibits interferon formation in chick-cell
cultures, with ultraviolet-inactivated Newcastle
disease virus (NDVuv) as an inducer. The merit
of using NDVuv as inducer is that interferon is
formed in the absence of significant viral replica-
tion. This eliminates any complicating effect
of infective virus replication on interferon forma-
tion, including the uncontrolled increase of
interferon inducer due to repeated cycles of
virus formation. With this system, it is possible
to estimate the time of interferon messenger
RNA synthesis following adsorption of NDVuv,
and to test whether or not continuous messenger

RNA synthesis takes place prior to the release of
interferon.
These problems were approached in our labora-

tory by attempting to pinpoint the time, with
respect to the inoculation of inducer, at which
interferon formation is inhibited by actinomycin
D (28). Interferon becomes detectable after
about 8 hr of incubation following a 2-hr adsorp-
tion of NDVUV (Fig. 1). The titer reaches its
maximum rapidly and does not appreciably
increase in the course of the next 24 to 48 hr.
If one tries to ascertain the time either before or

after adsorption of NDVU, when actinomycin
inhibition of interferon formation is effective,
one finds that this is represented by a fairly short
2-hr period after the adsorption of NDVUv. It
is also effective if added for 1 hr prior to the
adsorption of NDVUv. The important point is
that at 3 hr after the adsorption of NDVUv the
necessary nuclear transcription for interferon
synthesis is already complete, and actinomycin
is at this time, and thereafter, no longer effective
in inhibiting interferon formation. One explana-
tion may be that messenger RNA necessary for
interferon production is not continuously synthe-
sized after exposure of the cells to NDVUV. Such
synthesis appears to be a "one-shot" affair.
However, these experiments with actinomycin

D do not reveal the precise role of such mes-
senger RNA. They do not answer the question
whether interferon is a newly snythesized mole-
cule or one that is slightly modified from a
precursor. Although I have no concrete evidence
on this point, there is evidence that new protein
synthesis is necessary for effective induction of
interferon. This has been shown by the demon-
stration that puromycin, which is a specific
inhibitor of protein synthesis (79), will prevent
production of interferon (28). Such a result is
consistent with the notion that interferon rep-
resents newly snythesized protein, but it could
also mean that the new protein is merely a neces-
sary intermediary for interferon release.

Superficially, the notion that interferon for-
mation resembles induced enzyme synthesis
in which there is derepression of the expressi-
bility of a genic function is very attractive (20,
76). In both cases, a protein normally undetec-
table in cells is released in response to an inducer.
And, in both cases, this process is mediated by
cell messenger RNA. Furthermore, the fact that
the inducer for interferon is a virus, or perhaps
viral nucleic acid, may be significantly related to
the fact that the target of interferon action is in-
hibition of virus or virus nucleic acid synthesis.
Beyond this, however, it would be imprudent to
carry the analogy very far.

Indeed, there are aspects of interferon induc-
tion which still remind one more of the peculiari-
ties of virus synthesis than of induced enzyme
synthesis. In induced enzyme systems, synthesis
continues in the presence of the inducer (39);
in interferon induction, the presence of NDVuV
inducer in cell cultures for 2 or 18 hr makes
little difference in the total amount of interferon
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produced; it is about the same (Ho, unpublished
data). This is similar to the nature of virus in-
fection in that the amount of virus inoculated
or the length of cell exposure to virus does not
determine the amount of virus replicated. The
continued presence, then, of inducer beyond a
certain period is ineffective in further induction.
Admittedly, this resemblance between virus
and interferon synthesis may be only superficial,
because the continued presence of NDVUV does
not necessarily imply a constant rate of adsorp-
tion and penetration of inducer and, therefore,
an effective intracellular accumulation of in-
ducer. However, alternatively, these data may
signify that a cell can only make one quantum
of interferon irrespective of increased accumula-
tion of inducer. In other words, either a cell
may make more interferon if more inducer could
get in the cell, or it is possible that even if the
inducer penetrated the cell, no more interferon
could be made. Experiments testing these points
are possible. These would include studies on the
adsorption of both viral and nonviral inducers,
or perhaps induction of interferon in a cell-free
system in which the problems of adsorption of
inducer may be circumvented.
There are some reported data on interferon

induction which bear on the relationship of dose
of inducer to the amount of product, but they
are not quantitative or complete enough to be
evaluated. For example, Burke and Isaacs (7)
showed that a second crop of interferon may be
induced with heated influenza virus in fragments
of chick chorioallantoic membrane. However,
this may be due to cells that did not adsorb
any inducer the first time. Attempts to make
further crops of interferon production would
have been interesting. Heller (20) shows a
graph representing "linear" accumulation of
interferon in chick-cell cultures exposed to in-
fectious Chikungunya virus. It is not clear
whether this increase represents more induction
with increased exposure to inducer or whether
it may be due to progressive increase of infec-
tious virus, and, hence, increasing numbers of
cells exposed to inducer. Continued measure-
ment of interferon titers beyond the 24 hr charted
by Heller may reveal a sloping off of the
"linear" accumulation of interferon; this would
then represent the point at which the maximal
number of cells are infected or induced. In
general, it would probably be better to use non-
infectious inducers to test these points.

In summary, it is probably premature to de-
scribe with any precision the mechanism of
interferon induction. There are many models
which could suit interferon induction. These
include examples of specific "inducers," such as
antibody formation and induced enzyme syn-
thesis. There are also nonspecific "stimuli"
which increase cellular metabolic activity, as
exemplified by increase in the aerobic and
anaerobic glycolysis and other biochemical
parameters which attend phagocytic activity
of white cells or their exposure to endotoxin (11).
Possibly, interferon synthesis and release are a
response to such "stimuli." [Recent evidence that
bacterial endotoxin indeed induces interferon-
like viral inhibitors in chickens, mice (W. R.
Stinebring and J. S. Youngner, Nature, in press),
and in rabbits (M. Ho, Science, in press) sup-
ports this possibility.]

Interferon Induction and Virus Virulence

The next problem I would like to consider is
why certain viruses induce the production of
interferon while others do not. I will not review
here all the possible factors involved but will
concentrate on the relationship of interferon
induction to virus virulence. There have been
attempts to correlate interferon production
negatively with (i) virulence of the virus inducer
(16), (ii) ability of the virus inducer to grow
optimally at high temperatures (64, 65), and
(iii) the growth of virus inducer at high pH (13).
The details of these purported correlations have
been reviewed recently (35, 77), and they hold
only in a very general way. However, it is prob-
ably unwise to dismiss the validity of these
generalizations on the basis that they have not
been tested in large enough groups of cell-virus
systems, and that exceptions to at least some
of them are readily found, because these ideas
recur as long as the significance of interferon
formation remains undefined.

Let us consider the concept that avirulent
viruses are better interferon inducers than
virulent ones. First of all, the term "virulence"
is ambiguous. Does it apply to manifestations of
human disease or does it apply to a specified cell
or host system in question? There are examples
where either sense of the term could be em-
ployed. Considering virulence in the anthropocen-
tric sense, a strain of avirulent poliovirus (RMC)
produces interferon in human amnion and
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kidney cells, and a virulent strain will not (27;
Ho, unpublished data); an avirulent or vaccine
strain of measles virus produces more interferon
than the virulent parent strain (16). It is also
interesting that arboviruses that are virulent
for humans, such as EEE or Japanese B encepha-
litis viruses, produce less interferon in chick-cell
cultures than do the avirulent or less virulent
Sindbis, Chikungunya, and Mayaro viruses (Ho
and Mahdy, unpublished data; 21, 75, 25).
Looking at virulence from the aspect of the
particular cell culture under study, one might
define a virulent virus as one which replicates
quickly and optimally with concomitant total
destruction of cells. Under this definition, the
examples of polioviruses apply again, since RMC
poliovirus does not destroy human kidney cells
in culture and induces interferon formation,
and wild strains are destructive and do not
induce interferon. Sindbis virus does not fit
this concept, because it replicates to high titers
in chick-cell cultures and is cytopathic, while
inducing interferon. Isaacs also cites the ex-
ample of Kumba virus which destroys cells and
yet produces interferon (35, 65).
An interesting model of the complex relation-

ship between properties of a virus and its capacity
to produce interferon is Newcastle disease virus
(NDV). In the infectious form, NDV in chick-
cell cultures is a good example of a type of
virus which is not an interferon inducer. It is
"virulent" in chick-cell cultures. Parenthetically,

TABLE 1. Virus and interferon formation in chick
embryos infected with NDV

Interferon titer*
Inoculum Virus titer

1:1 1:4 1:16 1:64

24-hr harvests
(embryos alive)

10-0 7 X 107 60 0 0 0
10- 1 X 108 0 0 0 0
10-5 7 X 107 0 0 0 0

48-hr harvests
(embryos dead)

10-0 7 X 107 100100 75 40
0-3 3 X 108 100 100 91 57
10-5 3 X 108 100 99 79 20

* Results are expressed as per cent inhibition
of 500 PFU of EEE virus.
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FIG. 2. Interferon-producing capacity of ultra-
violet-irradiated NDV virus pellet. Pellet material
was ultraviolet-irradiated with a 28.75-w lamp with
a maximal emission of 2,537 A placed at 7.6 cm.

Residual virus was titrated by inoculating 10-fold
dilutions in duplicate chick cultures and observing
for plaque formation. Interferon was titrated in
serial fourfold dilutions on duplicate chick cul-
tures, challenged with EEE, and observed for plaque
reduction. The values plotted are those of a 1:4 di-
lution. Points shown are the means of duplicate
values; where more than one point is shown, these
represent values obtained in separate determinations.

it multiplies at low 02 tension (5) and requires
high temperature for optimal replication (64).
The behavior of NDV in mouse-embryo cell
cultures is also consistent with the "virulence"
theory. The virus does not produce lysis in these
cells, and replication is minimal. Hence, it may
be considered avirulent in this tissue. And, un-

like the situation in chick cells, NDV induces
interferon in these cells (43, 65). On the other
hand, the situation is more complex in the em-

bryonated chick egg. NDV induces interferon
in this host, for which it must be considered
"virulent" (64). Virus replication begins in 2
hr and reaches its maximum in 8 to 10 hr. No
interferon is detectable at this time. But
48 hr after inoculation the interferon titers be-
come appreciable; at a time when the embryos are

dead (48; Ho, unpublished data, Table 1). This is
an example of a lethal viral infection being associ-
ated with interferon production. Similar systems
may be gleaned from the literature (77).
Although infectious NDV is not an inducer of

interferon in chick-cell cultures, it can be made
into one if it is irradiated by ultraviolet light
(Fig. 2). Irradiation for 30 to 60 sec under de-
scribed conditions is optimal, but excessive
irradiation destroys this inductive capacity.

- 0-el 0

/0 * INTERFERON (1:4)
- °--- RESIDUAL INFECTIVITY
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Inductive capacity appears to be a biological
property of the virus particle which, along with
others such as hemagglutination or enzyme

activity, is susceptible to physicochemical inac-
tivation.

It appears from these vagaries of NDV as an

interferon inducer as if the virus particle is
basically capable of inducing interferon, but
the reactions accompanying infectivity in cer-

tain cell systems counteract this induction
capacity.

There is evidence from recent studies on the
biochemical effects of the virus infection which
bear on this point. These studies promise to
supply a biochemical definition of the whole
problem of virulence, and may also provide a

reason why virulent viruses do not induce inter-
feron. From the work on Mengo virus (2),
poliovirus (30), and others (31), it is apparent
that certain virus infections are associated with
severe inhibition of cellular biosynthetic mecha-
nisms. Since interferon synthesis depends on

such mechanisms, it too may be inhibited in
the course of virulent infection. Conversely, if
the infective cycle does not take place, as when
NDVuv is used, the inductive function inherent
in the virus particle may proceed undisturbed.
These hypotheses may also explain the late
induction of interferon by NDV in chick embryo.
Possibly by 48 hr, at a time when the embryo
may be moribund, certain interferon-producing
cells may finally become exposed to NDV par-

ticles that have become inactivated by this
time, and may act as interferon inducers. Simi-
larly, it is also possible that the inability of
other "virulent" viruses, such as wild polio-
viruses, to induce interferon is related to their
inhibitory effect on cell synthetic mechanisms.
The "inverse interference" of Lindenmann (50),
where infectious virus added after the inducer
consisting of inactive virus inhibits interferon
production, may also be explained by the cell
inhibitory effect of infectious virus.

The parameters of classical interferon induc-
tion unfortunately are not entirely exhausted in
terms of the NDV model. Certain problems are

brought out by another popular class of inducers,
the arboviruses. Here, infective virus is more

effective than the inactivated (25). Usually, the
inactivated virus induces no detectable interferon
(for exception, see Gifford and Heller, quoted in
35), but may render cells resistant to superinfec-

tion (26, 52). In addition, there is a phenomenon
called "priming": if inactivated virus is added to
cell cultures prior to infective virus, it will prime
interferon production. That is, interferon is pro-

duced where none is produced in the absence of
the primer, or it may potentiate or increase inter-
feron production when infective virus alone is
effective as an inducer (26, 52).

It appears then that, in the case of some vi-
ruses, infective virus is the better inducer, and
inactive virus may serve as a "primer." There
are two possible explanations for infective virus
being a more effective inducer. First, the induc-
ing capacity of the virus may be as sensitive to
physicochemical inactivation as is infectivity,
or more so. This would make it impossible to
dissociate the inducing property from the in-
fective by inactivation. Second, viral replication
is associated with a large intracellular accumula-
tion of virus; therefore, effective inducer may also
accumulate inside the cell. Infection may be a

way of getting a large amount of inducer inside
cells, and a relatively ineffective inducer may not
be operative unless such accumulation following
cellular infection takes place. To account for the
"priming" phenomenon, it is possible that inac-
tive virus acting as a "primer" functions as an in-
complete inducer by forming intracellular inter-
feron which is not released, but which can act
within the cell in which it is formed. This "direct
inhibitory effect" of the primer has the effect
of slowing down the infective cycle of an addi-
tional infective virus, and permitting interferon
synthesis and release to take place. The data

TABLE 2. Effect of virus infection (V.) on chick-cell
cultures "primed" with inactivated EEE (Vi)

Direct inhibi-Interferon tion of infec-
Infectious virus production tious virus

added (Va) tNousvirlo
No Vi vi* -log V )

EEE ............. 9T 100 2.0
Sindbis ............ 54 100 2.0
VSV ............. 19 85 1.2
NDV............. 24 36 0.0

* Cultures preincubated 5 hr with EEE inacti-
vated by ultraviolet light and 37 C.

t V = titer of virus in cultures pretreated with
Vi . V, = titer in untreated cultures.

t Activity in per cent plaque inhibition of EEE
virus at 1:4 dilution of culture fluid in chick-cell
cultures.
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FIG. 3. Induction of interferon and intracellular
interrelationships between virus replication and
interferon formation.

presented in Table 2 (Mahdy and Ho, unpub-
lished data) may constitute indirect evidence
that the "primer" produces a forme fruste type
of intracellular interferon. The primer (Vi in
Table 2) consisting of ultraviolet-inactivated
EEE virus can prime interferon formation by
EEE, Sindbis, and vesicular stomatitis viruses.
These three viruses are known to be susceptible
to interferon, and, hence, presumably to the
hypothesized intracellular interferon formed by
the primer. On the other hand, the addition of
NDV does not result in production of interferon
in the "primed" cells. This may be explained
by the well-known fact that NDV is not in-
hibited by interferon in chick cells (38, 64).
Hence, it is not inhibited by the primer, and it
infects and lyses primer-treated cells without
significant interferon production. These data
are, of course, only suggestive and are not con-

clusive.
The intracellular events leading from induction

to interferon formation, and the effect of virus
and virus replication on these events, are dia-
grammed in Fig. 3. These designated interrela-
tionships explain the apparently conflicting
effects which may issue from superficially similar
circumstances, and constitute a complex intra-
cellular dynamic situation. This situation may

be recapitulated as follows. (i) Infectious virus
may either inhibit or enhance interferon forma-
tion: it inhibits by a disruptive action on cellular
synthetic mechanism; it augments by providing
inducer. (ii) Intracellular interferon, presumably

formed by "primers," or incomplete interferon
inducers consisting of inactivated virus, can
inhibit viral infectivity, inhibit the cell-disrup-
tive influence of infective virus, and thereby
further interferon formation. However, if intra-
cellular interferon is present in excess, it may
prevent interferon formation by preventing
successful viral infection, and thereby preventing
accumulation of sufficient viral inducer.
The potential merit of these hypotheses is

that they suggest certain problems which may
be attacked experimentally. First, is there a
correlation between viral virulence, virus dis-
ruptive effect on cell synthetic mechanisms,
and effectiveness of the virus as an interferon
inducer? This question is amenable to biochem-
ical solution. Our model would predict that
though some lytic or "virulent" infections, such
as poliovirus in primate cells, are totally disrup-
tive to cell synthetic mechanisms, other infections
which are equally destructive morphologically,
such as Sindbis virus in chick-cell cultures,
would not be so disruptive biochemically, since
interferon is produced in them. Second, these
hypotheses postulate the existence of an intra-
cellular interferon which is biologically active,
but which is "incomplete" in that it is not re-
leased from the cells. This type of interferon is
formed by "primers." The basis for assuming
that unreleased interferon may be incomplete
is that there is very little intracellular accumula-
tion of interferon if one follows both extracellular
and intracellular titers of interferon in chick-cell
cultures induced by ultraviolet-irradiated NDV
(28). At no time in such studies was intracellular
interferon found to be of higher titer than extra-
cellular. The results suggest that interferon is
released as soon as it is formed. On the other
hand, there is data showing that once interferon
is adsorbed to chick cells, it is no longer elutable
(75). The reason for this situation is unknown.
It may be due to a lack of sufficient quantity of
interferon to be detected, or, alternatively, in
accordance with our hypothesis, once interferon
is adsorbed, it reverts to an "incomplete" form
which is not readily released.
These considerations are subject to experi-

mental scrutiny. First, if adsorbed interferon
becomes "incomplete," its release may be ef-
fected by addition of a "complete inducer"
consisting of an infectious virus, in a manner
similar to releasing interferon after cells have
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been "primed." Second, the mechanism of
"priming" may also be studied from various
vantage points. If intracellular "incomplete"
interferon is formed, it too should be inhibited
by such agents as actinomycin D.

If the concepts of incomplete intracellular
interferon and incomplete inducers of interferon
are accurate, certain obscure types of viral
interference may be explained. One of these may
be a type of "infection interference," a situation
in which an infective virus may be the interfering
agent in the absence of appreciable amounts of
interferon (24).

INTERFERON INDUCTION IN VIVO

Baron and Buckler (4) described the appear-

ance of high titers (up to 1:300) of interferon
1 to 4 hr after intravenous injection of large
doses of NDV and Sindbis virus in mice. This
method of inducing interferon is important, be-
cause (i) interferon appears at a time before any

evidence of viral multiplication has occurred,
(ii) it takes place in the intact animal, and (iii)
the titers are of a higher range than those ob-
tained from most other in vitro work (25). It is
not yet possible or desirable to review the full
significance of this phenomenon at this time,
especially with respect to its significance as a

biological defense mechanism (3). I will, how-
ever, review two problems with respect to inter-
feron induction which this work brings out:
(i) the difference between interferon formation
in vivo and in vitro and (ii) the source of this
rapidly appearing interferon.
The primary difference between interferon

formation in cell cultures and in animals after
an intravenous inoculation is one of speed. This

0

-

2

i

10.0
_ 9.0
8.0 a-

7.0 o

6.0 -'

5.0
4.0 >

3.0 -
2.0 i
1.0 1

'1.0
2 3 4 5 6 7 24 48 72

HOURS AFTER INOCULATION

FIG. 4. Interferon and virus formation by Sindbis
virus in rabbit cells in vivo and in vitro.

TABLE 3. Interferon formation in rabbit-cell
suspensions

White
Incu- Spleen Liver blood Kidney
bation Vrus (107.7 (107.0 cells (107.6
time (log)6 cells)t cells) (101°l3 cells)

cells)

1 6.2 < 1:l10 <1:5 0 0
3 6.1 1:80 1:20 0
5 6.0 1:160 1:20 0 0
7 6.0 1:640 1:20 1:40

10 5.7 1:640 1:20
23 5.0 > 1:640 1:40 >1:40 1:80

* PFU per 0.1 ml of splenic cell reaction mix-
ture.

t Cells per milliliter.
I Dilution at which 50% VSV plaque reduction

in rabbit-kidney cell cultures was observed.

is well demonstrated by contrasting interferon
formation in rabbit-kidney cell cultures and in
rabbits with large doses of Sindbis virus as
inducer. After an intravenous dose of about 109
plaque-forming units (PFU) of Sindbis virus
in a 4-kg rabbit, circulating interferon is de-
tectable in 1 hr, and reaches its peak in 7 hr
(Fig. 4). On the other hand, in a cell culture of
about 106 rabbit-kidney cells exposed to 107
PFU of Sindbis virus, interferon formation
does not start until 7 to 24 hr after infection,
and virus replication is evident in 3 hr. The
latter in vitro data is consistent with most of
the data in which interferon formation has been
found to lag behind virus replication (75).
There may be exceptions. For example, Chik-
ungunya virus seems to be able to form inter-
feron in about 3 hr in chick-cell cultures (20).
But what is of interest in Fig. 4 is the difference
in speed between in vivo and in vitro interferon
formation with one specified cell-virus system
(rabbit-Sindbis). The circulating interferon
detected in the intact rabbit does not seem to
follow any significant virus replication, and
seems to be the primary effect of the inoculum.
This rapidity of response suggests that there
are specialized cells in the intact animal which
are especially rapid interferon formers. Pos-
sibly, this property of host cells may be de-
pendent on cell differentiation and is lost when
cells are cultured in monolayers.
To test this hypothesis, the course of inter-

feron formation in suspensions of cells from
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various organs of a rabbit was tested (44).
Sindbis virus was added to a concentration of
2 X 107 PFU per milliliter, and the cell-virus
mixtures were incubated under agitation at 37 C.
Samples were titrated for interferon effect by inhi-
bition of plaque formation of VSV on rabbit-kid-
ney cell cultures. Interferon was detectable in 3 hr
in cell suspensions derived from liver and spleen,
but its appearance in kidney and white blood
cell suspensions was much later (Table 3). The
time of appearance of interferon in kidney-
tissue cells is suggestive of what occurs in rabbit-
kidney primary explant monolayer cultures.
These results suggest that there is a common

property of liver and spleen cell suspensions.

The most obvious carrier of this common prop-

erty is the reticuloendothelial cells present in
both tissues. Possibly, the rapidity with which
Sindbis virus inducer is taken up is related to
the phagocytic function of the reticuloendo-
thelial system (54). Experiments using thoratrast
to blockade this system in rabbits suggest that
some of this rapidly appearing interferon is in-
hibited (44).
Another possibility is that rapid interferon

formation represents release of preformed intra-
cellular interferon. This is especially so in view
of the large variety, and therefore the possible
nonspecificity, of interferon inducers (see In-
troduction). One can easily rule out a simple
mechanism of release, since it is not possible to
release anything close to the amount of inhibi-
tory material by simple mechanical lysis of
tissue cells. In addition, experiments with ac-

tinomycin D in both mice and rabbits show that
rapidly appearing interferon can be inhibited,
as it is in monolayer cultures of cells from these
animals (28; Kono and Ho, unpublished data).
This is indirect evidence that interferon forma-
tion in vivo is no different than in cells cultured
in vitro. It is, of course, entirely possible that
precursors of interferon exist in liver and spleen,
which are closer to the final intact interferon
molecule than those in monolayer cultures, thus
accounting for the rapidity of release.

Finally, the titers reached in the blood stream
of the rabbit and in cultures of liver and spleen
cells are higher than those obtained in monolayer
cell cultures. This is also true with Sindbis
virus inducer in the mouse system. Circulating
interferon is readily detectable after an intra-
venous inoculation, but interferon is barely

found in mouse-cell cultures infected with Sind-
bis virus (3; Ho and Postic, unpublished data).

It appears from the above that there may well
be a difference in the capacity of cells to syn-
thesize and release interferon. It would be of
great interest to identify the most efficient cells
in this regard, to study the underlying reasons
for this difference, as well as to determine whether
this capacity is in any way related to any other
function of host resistance, such as phagocytosis
and antibody formation. With respect to the
precise biological significance of rapidly induced
interferon in the host, very little that is definite
can be said at this time. One would expect such
interferon to be more efficacious in preventing
viral spread than interferon formed after virus
replication (77). Preliminary evidence with
Sindbis virus in mice suggests that, indeed, in-
terferon may operate by preventing early viremic
death (56).

IDENTITY OF VIRAL INHIBITORS ENDOGENOUS
TO CELLS

The report that many different substances
stimulate interferon formation, as well as the
rapidity of in vivo interferon formation after
intravenous viral and bacterial (80) inoculation,
suggest the obvious possibility that interferon
is endogenous to cells. Such interferon may be
preformed without any inducing agent, or it
may be constantly formed in response to an
occult inducer of either viral or some other
unknown origin.
The possibility that interferon-like inhibitors

may exist in uninfected cell systems has been
recognized since early interferon studies. It has
been the experience of most workers in the field
that control fluids in interferon titrations derived
either from uninfected cell culture overlay or
from extracted cells are occasionally, but fre-
quently erratically, inhibitory to viral action (see,
for example, Table 9, 27; Gresser, private com-
munication). This is true of fluid overlays of unin-
fected continuous or primary cell cultures, chick
allantoic fluid, and extracts of normal organs.
Viral inhibitory activity of these fluids is usually
low. It has undoubtedly been explained away in
various ways and dismissed as a vagary of labora-
tory determinations.

Recently, however, Tsilinsky (69, 70, 71, 72),
in a series of four papers, described in some detail
a viral inhibitor found in the fluid overlay and
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cell extracts of five continuous human cell lines
(HeLa, ERK, KB, Detroit-6, and FL), and one
monkey cell line (CMH). This inhibitor has a
combination of properties suggestive of both
interferon and cell receptors. It resembles in-
terferon in that it is digestible by trypsin, it is
fairly heat-stable (60 C, 2 hr), it can be adsorbed
on cells, and it is not lost on washing. On the
other hand, it resembles cell receptors in that
it is localized primarily in the cytoplasmic
fraction and is sedimentable at 22,000 X g for 2
hr, suggesting a "corpuscular diameter of 200-
600 mju." When applied to monkey-kidney cell
cultures, it produces an apparent increase in
adsorption of ECHO virus from 55 to 76%. It
has antigens of cellular protein, since it is neu-
tralized by anticellular serum. Unfortunately, no
definitive test for its direct viral-inactivating
capacity was made, and no tests were performed
on nonprimate cell cultures to test its species
specificity. Somewhat similar, though less com-
plete, findings with various types of continuous
cell lines have been reported by Pumper (57)
and Pellegrini (55).

In a study of cell receptors, Quersin-Thiry
(58, 59) also mentioned that "various receptor
material can apparently leak out into nutrient
fluid during the growth of normal, non-infected
HeLa cultures." Since these receptors are by
definition direct inactivators of virus, a strong
possibility exists that her material and that de-
scribed by Tsilinsky are identical, although data
for direct comparison are not available.
There are also two considerations made in

her work on virus receptors of HeLa cells which
are especially relevant in any attempt to dis-
tinguish between receptor and interferon. Both
increase the difficulty of such a distinction
under certain circumstances: (i) the kinetics
of direct viral inactivation, which is the hall-
mark of receptors, is reversible and accompanied
by "reactivation" of adsorbed virus especially
upon dilution of the virus receptor mixture. Of
the four viruses tested for this property [NDV,
Western equine encephalitis (WEE), polio
(Mahoney), and polio (MEF1)], this was true
of NDV and WEE. (ii) There are no physico-
chemical properties common to all receptors
(59). Hence, certain receptors for viruses are
heat-labile (polio), and others are heat-stable
(NDV); some are inactivated by trypsin (polio,
WXEE), but others are not (WEE). Recent

evidence confirms the idea that there may be
chemical differences between receptors of even
closely associated viruses. It was found that
HeLa cell receptors to Coxsackie B3 and polio-
virus Type 1 differed in their susceptibility to
the proteolytic enzymes, chymotrypsin and
trypsin. Chymotrypsin inhibited attachment
of B3 but not poliovirus, and trypsin inhibited
adsorption of poliovirus and not B3 (81). In
general, it appears that studies of receptors to
different viruses by use of different cells have
not reached the completeness with which recep-
tors of primate tissues for poliovirus have been
characterized (29, 31). It would, therefore, be
premature to generalize from these studies to
other models.

In a recent attempt to detect endogenous
interferon in 11-day-old chick-embryo cell ho-
mogenates, I found a virus inhibitor, similar to
that described by Tsilinsky and others, in the ab-
sence of any inducer (Ho, unpublished data). Some
of my results in studying this "endogenous
inhibitor" may be summarized to further illus-
trate the problems in distinguishing virus recep-
tor from interferon (Table 4).

This inhibitor was similar to interferon, since
it could adsorb on cell cultures and was not com-
pletely removed by repeated washings. Further-
more, it was resistant to 56 C and was not dia-
lyzable. Studies on direct inactivation of EEE
virus were frequently equivocal, but there was
usually a reduction in virus titer. This may be a
reflection of the difficulty in doing adsorption
work with arboviruses, the viruses most fre-
quently used for testing interferon. Such difficulty
was also brought out by Wagner (74). The inhibi-
tor was found to be effective in mouse-cell cul-
tures. It was apparent then that it had no species
specificity. Therefore, one of the hallmarks of
chick interferon was missing. In addition, the
partial sedimentability of the inhibitor suggested
that it was not interferon, but probably an inhi-
bitor with a high molecular weight or a smaller
molecule adsorbed to some such large sediment-
able material. Although I believe that this en-
dogenous inhibitor is most likely virus receptor
rather than interferon, in the absence of clean
separation it is impossible to rule out the possi-
bility that low titer interferon-like substances
may be in this homogenate.
The lesson from these experiments is that

viral receptors must be ruled out in any study
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TABLE 4. Summary of findings on an endogenous chick-cell viral inhibitor*

Procedure Result

Effect of washing treated chick cultures

Effect of heating (56 C, 30 min)

Effect of dialysis

Effect of dilution

Direct inactivation of EEE

Effect on heterologous mouse-embryo cultures

Effect of fractions of inhibitor homogenate

No wash: 93% plaque reduction
1 wash: 85% plaque reduction
3 washes: 78%70 plaque reduction

No effect

No effect

50% cell homogenate, effective up to 1:64

23 to 75% reduction of virus titer

92% VSV plaque reduction

Ribosomalt supernatant fluid, 32% plaque reduc-
tion

Ribosomal sediment, 76% plaque reduction

* Inhibitory effect was measured by adsorbing 0.3 mnl of inhibitor for 3 hr at 37 C on duplicate chick-
cell cultures, washing off inhibitor with 5 ml of Hanks' solution, challenging with 100 to 200 PFU of
EEE virus, and calculating reduction of plaque formation as compared with similarly treated control
culture.

t Obtained after 22,500 rev/min for 30 min (#40 rotor, model L Spinco centrifuge).

purporting to demonstrate induction of interferon
or the presence of interferon. This is especially
true if the process of induction involves pro-
longed incubation and cell injury (40) such
that more opportunities exist for the "leaking
out" of cell receptors. However, since little ap-
pears to be known about the complex properties
of different cell receptors for different viruses,
the process of distinguishing between these two
viral inhibitors may be more difficult than is
apparent at first sight.
One final point should be considered: a pos-

sible relationship between interferon and cell
receptors. Is it possible that receptors are in-
complete interferons or vice versa? One might
still maintain that interferon is an intracellular
inactivator of virus, except for the fact that it
inhibits the infectivity of infectious RNA (23,
15, 19). Though the notion that interferon acts
by binding infectious nucleic acid is still plausible
(78), the idea that it binds whole virus directly
either extracellularly or intracellularly is un-
tenable. Therefore, there is as yet no obvious
bridge to connect the different mechanisms of
action of interferon and cell receptors of virus.
Nevertheless, there are other similarities between
these two cellular products. It is possible that

the production of cell receptors under certain
circumstances requires "inducers." It is well
established that the amount of cell receptors
varies with types of tissue (29) and with age
(46), and increases upon in vitro cultivation
(29, 58). Further studies on both interferon and
cell receptors are required before definitive
formulation of the situation is possible.

SUMMARY

Certain problems regarding the identity and
induction of interferon have been discussed and
reviewed. Many of these arise because of the
large number of heterogeneous substances re-
ported to be inducers of interferon. A few, especi-
ally intracellular microorganisms, appear well
established.

Interferon formation seems metabolically to
be a cellular, as distinguished from a viral,
process. It is mediated by cell messenger RNA
and requires new protein synthesis. This is well
demonstrated by work with antimetabolites.
However, relatively little is known about the
cellular control of this mechanism, and the role
of the "inducer." The resemblance to induced
enzyme synthesis is attractive but unproven.

Induction of interferon in experimental ani-
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mals by intravenous inoculation of virus is a
well-established phenomenon. There is suggestive
evidence that there are specialized host cells
which make more interferon and release it
faster than others.
There are no precise criteria for the recognition

of interferon, only general ones. Attention is
called to cellular substances which may simulate
interferon, especially if inhibitory activity is of
low potency. One such substance is cell receptors
for viruses.
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